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Obesity is associated with insulin resistance and the increased development of vascular
complications. Previously, we have demonstrated that thrombospondin1 (TSP1) regulates
macrophage function and contributes to obesity associated inflammation and insulin resistance. However, the role of TSP1 in the development of obesity associated vascular complications is not clear. Therefore, in the current study, we investigated whether TSP1
deficiency protects mice from obesity associated micro as well as macro-vascular complications in ApoE-/- mice. In this study, male ApoE-/- mice and ApoE-/-TSP1-/- mice were fed
with a low-fat (LF) or a high-fat (HF) diet for 16 weeks. We found that body weight and fat
mass increased similarly between the ApoE-/-TSP1-/- mice and ApoE-/- mice under HF
feeding conditions. However, as compared to obese ApoE-/- mice, obese ApoE-/-TSP1-/mice had improved glucose tolerance, increased insulin sensitivity, and reduced systemic
inflammation. Aortic atherosclerotic lesion formation was similar in these two groups of
mice. In contrast, albuminuria was attenuated and kidney fibrosis was reduced in obese
ApoE-/-TSP1-/- mice compared to obese ApoE-/- mice. The improved kidney function in
obese ApoE-/-TSP1-/- mice was associated with decreased renal lipid accumulation. Together, these data suggest that TSP1 deficiency did not affect the development of obesity
associated macro-vascular complication, but attenuated obesity associated microvascular complications.
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P20GM103527-06. The funders had no role in study
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publish, or preparation of the manuscript.

Introduction
Thrombospondin1 (TSP1) is a major component of platelet alpha granules and also expressed
by a verity of cell types [1–6]. TSP1 exists as both a component of the extracellular matrix and
as a soluble molecule found in various body fluids and in the cell culture conditioned medium.
TSP1 was up-regulated in developing adipose tissue of mice with diet or genetically induced
obesity [7]. TSP1 was also up-regulated in obese insulin resistant humans and associated with
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adipose inflammation and insulin resistance [8]. Moreover, studies from our lab and others
demonstrated that TSP1 is an important mediator of obesity associated insulin resistance [9–
11]. In addition to insulin resistance, obesity is associated with the increased incidence of cardiovascular complications including atherosclerosis (macrovascular complication) and kidney
disease (microvascular complication). Previous studies from our lab suggest that TSP1 mediates obesity induced kidney dysfunction [12]. However, whether TSP1 plays a role in obesity
induced macro-vascular complications such as aortic atherosclerotic lesion formation
is unknown.
In the current study, we utilized TSP1 and ApoE double knock out mice to investigate the
role of TSP1 in obesity associated vascular complications in a high fat diet induced obesity
mouse model. Using this proatherogenic and hyperlipidemic mouse model, we demonstrated
that TSP1 deletion had no effect on obesity development. However, obese ApoE-/-TSP1-/mice had reduced systemic inflammation, improved insulin sensitivity, attenuated kidney fibrosis and improved renal function. These results are in agreement with our previous studies
[9,12] and further confirm the protective effect of TSP1 deficiency on obesity associated microvascular complications. However, TSP1 deficiency had no effect on obesity induced aortic atherosclerotic lesion formation, suggesting that TSP1 may not be a major player in obesity related
macro-vascular complications.

Materials and Methods
Ethics Statement
All experiments involving mice conformed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the University of Kentucky Institutional Animal Care and Use Committee.

Animal model
TSP1-/- mice (on C57BL6/J background, purchased from Jackson Laboratory) were crossbred
with ApoE-/- mice (C57BL6 /J background, purchased from Jackson Laboratory) to generate
ApoE-/-TSP1-/- mice and ApoE-/- mice. Three month old male ApoE-/- and ApoE-/-TSP1-/mice were used in the study. These mice were housed in a temperature controlled room with a
12 hour light/dark cycle. Mice were fed a low fat (LF) (10% kcal as fat; D12450B; research
Diets, Inc, NJ) or a high fat (HF) diet (60% kcal as fat; D12492, research Diet, Inc, NJ) for 16
weeks. These diets contain no added cholesterol. The total cholesterol content is about 0.002
and 0.003% by weight in LF and HF diet, respectively. Each group contained 10–12 mice.

Glucose tolerance and Insulin tolerance tests
After 15 weeks of LF and HF-feeding, glucose tolerance was analyzed in animals after 6 h fasting. Following an intraperitoneal injection of glucose (1g/kg body weight), blood glucose concentrations were measured using a Glucometer at 0, 15, 30, 60, and 120 minutes after injection.
For insulin tolerance test, insulin (0.5 unit/kg body weight) (Novolin R, Novo Nordisk InC.)
was injected into mice intraperitonealy. Similarly, blood glucose levels were measured at 0, 15,
30, 60, and 120 minutes after injection to assess insulin’s effect.

Assessments of body composition
EchoMRI (Echo Medical System) was used to evaluate body fat and lean content in mice after
16 weeks of LF or HF feeding as pervious described [9].
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Metabolic measurements and lipoprotein characterization
At the end of the study, mice were sacrificed. The blood was collected and plasma insulin,
TNF-α, PAI-1, and resistin concentrations were measured using a mouse adipokine assay kit
(Millipore). Plasma total cholesterol levels were measured by enzymatic colorimetric assay
using a kit from Wako Chemicals. In addition, lipoprotein cholesterol distributions were evaluated in individual serum samples after fractionation by fast protein liquid chromatography
(FPLC) gel filtration on a single Superose 6 column as described previously [13]. In brief, a
Bio-Rad Biologic DuoFlow System with BioFrac Fraction Collector and Superose 6 10/300GL
Column (GE Healthcare) was used. The elusion buffer contained 0.15 M NaCl and 1 mM
EDTA. After loading of 50 μL plasma into the system, the flow rate should not exceed 0.5 ml/
min. The fractionation was started at 10 ml and ended at 26 ml with each fraction size of 0.5ml.
Total of 32 fractions were collected. Cholesterol concentrations from fractions 1–32 were further measured by using Cholesterol E Enzymatic Kit (WAKO).

Quantification of atherosclerotic lesions
Mouse aortas were removed and fixed in freshly prepared 4% paraformaldehyde in PBS overnight at room temperature. After fixation, adventitial tissue was removed. Aortas were cut and
the intimal surface was exposed, pinned, and photographed for en face measurements of atherosclerosis as described previously [14] by the help from Dr. Alan Daugherty’s group at University of Kentucky.

Renal Function, Histology, Immunoblotting, and Immunohistochemical
Staining
Renal function measurement. Twenty-four-hour mouse urine was collected before death.
Urine albumin (Exocell) and urinary creatinine (Exocell) were measured according to the manufacturer's instructions. Urinary albumin-to-creatinine ratio (ACR) was calculated as:
ACR = urine albumin/urine creatinine (μg/mg).
Renal histology. Kidneys were harvested, fixed in 10% neutral formalin, embedded in paraffin, and sectioned into 4-μm sections. After deparaffinization, tissue sections were rehydrated
and stained by periodic acid-Schiff (PAS) reagent (Sigma). Based on PAS staining, pathological
changes of glomeruli were examined under light microscope. Analysis of glomerular area was
blindly performed using computer imaging software.
Immunoblotting. Kidney cortex was homogenized and equal amount of total protein was
subjected to SDS-PAGE gel under reducing conditions and transferred onto nitrocellular membrane. After blocking, the membrane was incubated with anti-phospho-Smad3 or Smad3 antibodies (Cell Signaling) and then incubated with horseradish peroxidase-conjugated secondary
antibody. The reaction was visualized using an enhanced chemiluminescence system (Pierce).
Immunoblots were analyzed by scanning densitometry and quantified by Quantity One Gel
Analysis software (Bio-Rad).
Renal immunohistochemical staining. Kidney tissue sections were deparaffinized in xylene, and were rehydrated in graded mixtures of ethanol/water. After blocking, slides were incubated with anti-Collagen IV (Research Diagnostics) for 1 h at room temperature. A negative
control was included by substituting control IgG for the primary antibody. After washing, biotinylated secondary antibody was applied for 30 min and then an avidin-biotin-peroxidase
complex was applied to the slides for additional 30 min. Vectastain ABC system (Vector Lab)
was used for color development with DAB. Semiquantitative analyses of Collagen IV were
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blindly performed for the percentage of positive staining cells using computer
imaging software.

Renal Oil Red O Staining, Lipid Extraction, and Measurement
To determine renal accumulation of neutral fats, frozen kidney sections were prepared and
stained with filtered Oil Red O (0.3% wt/vol) solution for 30 min at room temperature and
then counterstained with hematoxylin. The stained kidney sections were imaged with a microscope. In addition, total lipids were extracted from kidneys as described previously[15] and
measured using a kit from Wako Chemicals.

Statistical analysis
Data are the mean ± SE. Differences between groups were determined by ANOVA followed by
Turkey’s post hoc tests or Student’s t-test as appropriate. The significance level was p<0.05.

Results
TSP1 deficiency on ApoE-/- background does not affect the
development of diet induced obesity
Studies have demonstrated that TSP1 is an important mediator of obesity associated insulin resistance [9–11] and also contributes to obesity induced kidney dysfunction [12]. However,
whether TSP1 plays a role in obesity induced macro-vascular complications such as aortic atherosclerotic lesion formation is unknown. In the current study, we utilized a proatherogenic
and hyperlipidemic mouse model (ApoE-/- mice) to investigate the role of TSP1 in obesity associated vascular complications.
Previously, we showed that TSP1 deficiency on C57BL6 background did not affect diet induced obesity [9]. We determined whether this is also true on ApoE-/- background. After 16
weeks of high fat diet (HF) feeding, both ApoE-/- and ApoE-/-TSP1-/- mice showed almost
comparable body weight and fat mass (Fig. 1), supporting the previous finding that TSP1 deficiency does not affect the development of obesity.

HF-fed ApoE-/-TSP1-/- mice exhibit improved glucose tolerance and
increased insulin sensitivity as compared to ApoE-/- mice, which is
associated with reduced systemic inflammation
We determined whether TSP1 deficiency protected mice from obesity associated insulin resistance in ApoE-/- mice. Fasting insulin levels were measured. Glucose tolerance test (GTT) and
insulin tolerance test (ITT) were performed in LF and HF fed mice. GTT and ITT tests demonstrated that HF-fed ApoE-/-TSP1-/- mice had improved glucose tolerance and insulin sensitivity (Fig. 2). Although HF feeding increased the insulin levels in both genotypes, the insulin was
increased to a significantly lower extent in ApoE-/-TSP1-/-mice as compared to ApoE-/- mice
(Fig. 2). In addition, obesity significantly increased plasma TNF-α, PAI-1 and resistin levels in
ApoE-/- mice but not in ApoE-/-TSP1-/- mice (Fig. 3). Together, these data suggested that
TSP1 deficiency reduced obesity associated inflammation and improved glucose homeostasis.

ApoE-/-TSP1-/- mice have similar levels of aortic atherosclerotic lesion
formation compared to ApoE-/- mice
We determined the effect of TSP1 deficiency on obesity associated atherosclerosis development. First, we examined the levels of plasma triglyceride (TG), total plasma cholesterol and
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Fig 1. TSP1 deficiency had no effect on diet induced obesity in ApoE-/-mice. Male ApoE-/- mice and ApoE-/-TSP1-/- mice were fed LF or HF diet for 16
weeks. A): Graphs showing the increase of body weight over time on diets. B): body weight of mice at the end of the study. C) and D): Fat and lean mass of
different groups of animals. Data are represented as mean ± SE (n = 10 mice/group). * p<0.05 or ** P<0.01vs. LF ApoE-/-; ^P<0.05 vs. LF TSP1-/-ApoE-/doi:10.1371/journal.pone.0121403.g001

cholesterol lipoprotein distribution in four groups of mice. We found that under LF feeding
conditions, plasma TG levels were comparable between ApoE-/- and ApoE-/-TSP1-/- mice.
HF diet feeding similarly increased plasma TG levels in ApoE-/- mice and ApoE-/-TSP1-/mice (Fig. 4). In addition, high fat feeding significantly increased plasma total cholesterol levels
in ApoE-/- mice, but not in ApoE-/-TSP1-/- mice. Moreover, fast performance liquid chromatography (FPLC) analysis of cholesterol lipoprotein distribution showed that ApoE-/-TSP1-/mice had reduced plasma VLDL and LDL levels (Fig. 4). Next, we determined the aortic atherosclerotic lesion formation in mice by utilization of en face method[14]. Unexpectedly, we
found that high fat diet feeding did not increase the aortic atherosclerotic lesion formation in
both ApoE-/- and ApoE-/-TSP1-/- mice. Moreover, aortic atherosclerotic lesion formation was
similar between ApoE-/- mice and TSP1-/-ApoE-/- mice under either LF or HF feeding conditions (Fig. 5), suggesting that TSP1may not be a major player in the development of atherosclerosis under either normal or obese conditions.

TSP1 Deficiency protects ApoE-/- mice from obesity-induced kidney
dysfunction
We determined the effect of TSP1 deficiency on the development of obesity-induced kidney
damage (a microvascular complication) in ApoE-/- mice. As shown in Fig. 6, kidney lipid
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Fig 2. Obese ApoE-/-TSP1-/- mice had improved glucose tolerance and insulin sensitivity. Male ApoE-/-TSP1-/- mice and ApoE-/-mice were fed LF or
HF diet for 16 weeks. Intraperitoneal glucose tolerance (A) and insulin tolerance test (B) were measured. Changes in blood glucose levels were monitored
over time. C) Plasma insulin levels were measured by ELISA. Data are represented as mean ± SE (n = 10 mice/group). *P<0.05 and ** P<0.01 vs. LF
ApoE-/-. # P<0.05 and ## P<0.01 vs. HF ApoE-/-. AUC: area under the curve.
doi:10.1371/journal.pone.0121403.g002

accumulation was significantly increased in HF-fed ApoE-/- mice but not in HF-fed ApoE-/TSP1-/- mice, determined by Oil Red O staining of kidney sections and renal triglyceride
content. In addition, obese ApoE-/- mice wild-type mice developed albuminuria and renal hypertrophy (Fig. 7). Phospho-Smad levels (TGF-β downstream signaling) were increased in
obese ApoE-/- mice, which was associated with increased renal fibrosis in these mice (Fig. 8). In
contrast, HF diet feeding-induced phospho-Smad levels were reduced in obese ApoE-/-TSP1-/mice and these mice had attenuated renal damages. Together, these data suggest that TSP1 deficiency protects mice from pro-atherogenic and hyperlipidemia induced kidney injury.

Discussion
In the present study, we have determined the effect of TSP1 deficiency on the development of
obesity and hyperlipidemia induced macro and micro-vascular complications in ApoE-/- mice.
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Fig 3. Obesity induced systemic inflammation was reduced in ApoE-/-TSP1-/- mice. Plasma TNF-α, PAI-1 and resistin levels were measured as
described in Material and Methods section. Data are represented as mean ± SE (n = 6 mice/group). ^ P<0.05 vs. LF ApoE-/-; *P<0.05 vs. LF ApoE-/-;
## P<0.01 or ### P<0.001 vs. HF ApoE-/-.
doi:10.1371/journal.pone.0121403.g003

The results demonstrate that TSP1 deficiency improves metabolic phenotype of HF-fed
ApoE-/- mice with reduced obesity-associated systemic inflammation and improved insulin
sensitivity. TSP1 loss is associated with the significant reduction in lipid accumulation in kidney and attenuated obesity associated kidney dysfunction. In contrast, the development of aortic atherosclerotic lesion formation is not altered by TSP1 deletion. Together, these data
suggest that TSP1 is an important player in obesity and hyperlipidemia induced
microvascular complications.
The ApoE null mouse is a well-established model for studying atherosclerosis (macrovascular disease) as well as hyperlipidemic renal injury (microvascular disease) [16]. Recently, high
fat diet (60% fat) fed ApoE-/- mice has been demonstrated to be an animal model of obesity induced accelerated atherosclerosis [17]. Therefore, using this unique mouse model, we determined the role of TSP1 in pro-atherogenic and hyperlipidemia induced cardiovascular and
renal complications. Previous studies from our lab and others using TSP1 deficient mice (on
C57 BL6 background) suggest that TSP1 contributes to obesity associated inflammation and
insulin resistance [9–11]. Consistently, in the current studies, by using TSP1 deficient mice on
ApoE-/—background, our data confirmed and extended the previous findings [9]. We showed
that TSP1 deficiency did not affect the development of diet induced obesity in ApoE-/- mice.
Although ApoE-/-TSP1-/- mice developed similar level of obesity as ApoE-/- mice, ApoE-/-
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Fig 4. Effect of TSP1 deficiency on plasma triglyceride levels, total cholesterol levels, and cholesterol lipoprotein distribution under either LF or
HF feeding conditions. Male ApoE-/-TSP1-/- mice and ApoE-/-mice were fed LF or HF diet for 16 weeks. A). Plasma triglyceride levels were measured. B).
Plasma total cholesterol levels were measured. C) and D) cholesterol lipoprotein distribution was analyzed by FPLC. Data are represented as mean ± SE
(n = 6 mice/group). & P<0.05 vs, LF ApoE-/-; *P<0.05 vs. LF ApoE-/-. ## P<0.01 vs. HF ApoE-/-. ^ p<0.05 vs. LF ApoE-/-TSP1-/doi:10.1371/journal.pone.0121403.g004

TSP1-/- mice had reduced systemic inflammation and improved glucose tolerance and insulin
sensitivity. These data further support the role of TSP1 in obesity associated insulin resistance.
The current studies demonstrate that TSP1 deficiency improved the metabolic phenotype of
diet induced obese ApoE-/- mice. However, whether this improved metabolic phenotype leads
to attenuated cardiovascular complications in these mice is unknown. Therefore, in the current
studies we evaluated the development of atherosclerosis in ApoE-/-mice. It has been shown
from King et al that ApoE-/- mice developed increased atherosclerosis after 17 weeks of high
fat diet feeding [17]. Unexpectedly, in our studies, we did not reveal increased atherosclerotic
lesion formation in high fat diet fed ApoE-/- mice. The reason for causing this discrepancy is
unknown. The factors including different batch of diet, duration of high fat diet feeding and
animal ages may contribute to this different finding. In our study, we fed 12 week old male
ApoE-/- mice with LF or HF diet for 16 weeks; whereas King et al fed 8 week old male ApoE-/mice with LF or HF diet for 17 weeks. In addition, other unknown factors may also play a role.
Multiple factors contribute to the development of atherosclerosis. Levels of plasma cholesterol and cholesterol lipoprotein distribution are major risk factors for atherosclerosis formation. Interestingly, we found that high fat diet feeding significantly elevated total plasma
cholesterol levels in ApoE-/- mice. However, in ApoE-/-TSP1-/- mice, high fat diet had no effect on plasma total cholesterol levels. Moreover, under either low fat or high fat feeding
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Fig 5. Effect of TSP1 deficiency on aortic lesion formation. Male ApoE-/-TSP1-/- mice and ApoE-/-mice were fed LF or HF diet for 16 weeks. Aortic lesion
formation was analyzed by en face method. Data are represented as mean ± SE (n = 6–10 mice/group).
doi:10.1371/journal.pone.0121403.g005

conditions, ApoE-/-TSP1-/- mice had reduced levels of pro-atherogenic lipoproteins: VLDL
and LDL. HDL levels were similar between ApoE-/- and ApoE-/-TSP1-/- mice. According to
our knowledge, this is the first report showing the effect of TSP1 on alteration of cholesterol lipoprotein distribution. The mechanism is unknown at this time and will be investigated in the
future. In addition to this novel effect of TSP1 on lipid profile regulation, a variety of other activities have been ascribed to TSP1 from in vitro studies such as inducing endothelial cell dysfunction[18], stimulating smooth muscle cell proliferation and migration[19,20] and activating
latent TGF-β activation [21–23]. All of these TSP1-mediated activities suggest that TSP1 is
pro-atherogenic. However, in the current study, TSP1 deficiency did not reduce/prevent atherosclerotic lesion formation. ApoE-/-TSP1-/- mice and ApoE-/- mice showed comparable
aortic lesion area under either low fat or high fat diet feeding conditions. This result is in agreement with a previous report from Moura et al showing that TSP1 deficiency only had minimal
effect on the atherosclerotic lesion formation in ApoE-/- mice under normal chow diet feeding
conditions [24]. Moreover, they found that TSP1 deficiency modulated the intra-plaque composition. ApoE-/-TSP1-/- plaque contained less contractile smooth muscle cells, more collagen
and more macrophage numbers compared to plaque from ApoE-/- mice. This phenomenon is
independent of TSP1-mediated TGF-β activation, since TGF-β signaling (Smad phosphorylation) in vascular extracts was comparable in both genotypes. Their studies further suggested a
role for TSP1 in the plaque maturation during the lesion progression [24]. Taken together,
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Fig 6. TSP1 deficiency reduced lipid accumulation in the kidney in ApoE-/- mice under HF feeding conditions. (A). Representative photograph of Oil
red O staining of frozen kidney sections from 4 groups of mice. Lipid droplets were shown as red spots. (B). Triglyceride contents were measured in lipid
extracts from kidney samples. Data are represented as mean ± SE (n = 6 mice/group). *P<0.05 vs. LF ApoE-/-. # P<0.01 vs. HF ApoE-/-.
doi:10.1371/journal.pone.0121403.g006

studied from ours and others suggest that the in vivo effect of TSP1 on atherosclerotic
lesion development (plaque formation or maturation) is complex [25] and warrants
further investigation.
Accumulating evidence suggests the role of TSP1 in the development of diabetic nephropathy, a microvascular disease [26–28]. TSP1 is a major regulator for the well-known fibrogenic
growth factor-TGF-β [21,22,29–31]. Most cells secrete TGF-β as an inactive precursor and
must be converted to an active form that can bind to its receptors and elicit a cell response.
TSP1 is one of the major physiological regulators of latent TGF-β activation [21–23].
TSP1-mediated latent TGF-β activation has been found in vitro as well as in vivo in experimental diabetic nephropathy [27,32–36]. Our recent studies showed that TSP1 deficiency ameliorates obesity-associated kidney dysfunction [12]. However, whether TSP1 deficiency protects
kidney function in pro-atherogenic hyperlipidemic mouse model has not been explored. Many
factors such as hyperlipidemia, hypertension, chronic inflammation, or decreased adiponectin
levels can contribute to obesity associated kidney disease [37–39]. In the current study, we
found that under LF feeding conditions, plasma triglyceride (TG) levels were comparable between ApoE-/- and ApoE-/-TSP1-/- mice. HF diet feeding similarly increased plasma TG levels
in ApoE-/- mice and ApoE-/-TSP1-/- mice. Although TSP1 deficiency did not affect circulating
TG levels in either LF or HF fed mice, TG levels in the kidney tissue were significantly reduced
in HF-fed ApoE-/-TSP1-/- mice compared to HF-fed ApoE-/- mice. However, kidney TG levels were comparable between LF-fed ApoE-/-TSP1-/- mice and LF-fed ApoE-/- mice. This
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Fig 7. TSP1 deficiency attenuated obesity associated kidney dysfunction in ApoE-/- mice. A). Urinary albumin-to-creatinine ratio (ACR) was examined.
B). Representative light micrographs of periodic acid-Schiff (PAS) stained kidney sections from 4 groups of mice. C) Glomerular area was analyzed by
computer image analysis software. * P<0.05 vs. LF ApoE-/-. # P<0.05, ## P<0.01vs. HF ApoE-/-.
doi:10.1371/journal.pone.0121403.g007

suggests that TSP1 may specifically regulate obesity/ HF feeding associated lipid dys-metabolism in the kidney. Lipid accumulation in kidney has been described in both obese animal models and human subjects [40,41]. Several key genes in lipid metabolism such as sterol regulatory
element binding protein (SREBP-1), LDL receptor, or fatty acid binding protein 3 were significantly increased in the kidney from obese patients [42]. Therefore, we speculate that TSP1 may
regulate the expression of some of these key genes in the kidney, which affects lipid synthesis,
metabolism, or export, contributing to obesity associated renal injury. The contribution of
renal lipid accumulation to renal dysfunction has been well established [41]. In the current
study, with reduced renal lipid accumulation, high fat diet—fed ApoE-/-TSP1-/- mice had reduced albuminuria and glomerular hypertrophy. Moreover, these mice had reduced active
TGF-β signaling in the kidney and developed less kidney fibrosis (reduced collagen IV production). Together, these data suggest that TSP1 plays an important role in the development of
obesity associated microvascular complications.
In summary, by utilization of the pro-atherogenic hyperlipidemic mouse model in the current study, our data support the important role for TSP1 in obesity-induced inflammation and
insulin resistance. Moreover, our data suggest that TSP1 is an important player in obesity and
hyperlipidemia induced microvascular complications.
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Fig 8. TSP1 deficiency attenuated obesity associated kidney fibrosis in ApoE-/- mice. A) and B). Immunoblotting of p-Smad and Smad levels in kidney
cortex homogenates from four groups of mice. C) kidney collagen IV levels were detected using immunohistochemical staining, followed by semiquantitative
analysis (D). Data are represented as mean ± SE (n = 6–10 mice/group). ** P<0.01 vs. LF ApoE-/-. # P<0.05, ### P<0.001vs. HF ApoE-/-.
doi:10.1371/journal.pone.0121403.g008

Supporting Information
S1 Fig. Photograph of Oil red O staining of frozen kidney sections from ApoE-/-LF and
ApoE-/-HF feeding mice (n = 3 mice/group).
(TIF)
S2 Fig. Photograph of Oil red O staining of frozen kidney sections from ApoE-/-TSP1-/-LF
and ApoE-/-TSP1-/-HF feeding mice (n = 3 mice/group).
(TIF)

Acknowledgments
We would like to thank Dr. Alan Daugherty’s lab at University of Kentucky for helping characterization of lipoprotein profile through FPLC and quantification of aortic atherosclerotic lesion through en face.

PLOS ONE | DOI:10.1371/journal.pone.0121403 March 24, 2015

12 / 14

TSP1 Deficiency Protects Microvascular Complications

Author Contributions
Conceived and designed the experiments: SW. Performed the experiments: HM KC QZ HN.
Analyzed the data: KC SW. Contributed reagents/materials/analysis tools: SW. Wrote the
paper: SW.

References
1.

Lawler JW, Slayter HS, Coligan JE (1978) Isolation and characterization of a high molecular weight glycoprotein from human blood platelets. J Biol Chem. 1978; 253: 8609–8616. PMID: 101549

2.

Baenziger NL, Brodie GN, Majerus PW (1971) A thrombin-sensitive protein of human platelet membranes. Proc Natl Acad Sci U S A. 1971; 68: 240–243. PMID: 5276296

3.

Donoviel DB, Amacher SL, Judge KW, Bornstein P. Thrombospondin gene expression is associated
with mitogenesis in 3T3 cells: induction by basic fibroblast growth factor. J Cell Physiol. 1990; 145:
16–23. PMID: 2211838

4.

Phelan MW, Forman LW, Perrine SP, Faller DV. Hypoxia increases thrombospondin-1 transcript and
protein in cultured endothelial cells. J Lab Clin Med. 1998; 132: 519–529. PMID: 9851743

5.

Bornstein P. Thrombospondins as matricellular modulators of cell function. J Clin Invest. 2001; 107:
929–934. PMID: 11306593

6.

Hugo C, Pichler R, Meek R, Gordon K, Kyriakides T, Floege J, et al. Thrombospondin 1 is expressed by
proliferating mesangial cells and is up-regulated by PDGF and bFGF in vivo. Kidney Int. 1995; 48:
1846–1856. PMID: 8587244

7.

Voros G, Maquoi E, Demeulemeester D, Clerx N, Collen D, et al. Modulation of angiogenesis during adipose tissue development in murine models of obesity. Endocrinology. 2005; 146: 4545–4554. PMID:
16020476

8.

Varma V, Yao-Borengasser A, Bodles AM, Rasouli N, Phanavanh B, Lee MJ, et al. Thrombospondin-1
is an adipokine associated with obesity, adipose inflammation, and insulin resistance. Diabetes. 2008;
57: 432–439. PMID: 18057090

9.

Li Y, Tong X, Rumala C, Clemons K, Wang S. Thrombospondin1 deficiency reduces obesityassociated inflammation and improves insulin sensitivity in a diet-induced obese mouse model. PLoS
One. 2011; 6: e26656. doi: 10.1371/journal.pone.0026656 PMID: 22039525

10.

Kong P, Gonzalez-Quesada C, Li N, Cavalera M, Lee DW, Frangogiannis NG, et al. Thrombospondin1 regulates adiposity and metabolic dysfunction in diet-induced obesity enhancing adipose inflammation and stimulating adipocyte proliferation. Am J Physiol Endocrinol Metab. 2013; 305: E439–450. doi:
10.1152/ajpendo.00006.2013 PMID: 23757408

11.

Inoue M, Jiang Y, Barnes RH II, Tokunaga M, Martinez-Santibanez G, Geletka L, et al. Thrombospondin 1 mediates high-fat diet-induced muscle fibrosis and insulin resistance in male mice. Endocrinology.
2013; 154: 4548–4559. doi: 10.1210/en.2013-1587 PMID: 24140711

12.

Cui W, Maimaitiyiming H, Qi X, Norman H, Wang S. Thrombospondin 1 mediates renal dysfunction in a
mouse model of high-fat diet-induced obesity. Am J Physiol Renal Physiol. 2013; 305: F871–880. doi:
10.1152/ajprenal.00209.2013 PMID: 23863467

13.

Daugherty A, Manning MW, Cassis LA. Angiotensin II promotes atherosclerotic lesions and aneurysms
in apolipoprotein E-deficient mice. J Clin Invest. 2000; 105: 1605–1612. PMID: 10841519

14.

Daugherty A, Whitman SC. Quantification of atherosclerosis in mice. Methods Mol Biol. 2003; 209:
293–309. PMID: 12357958

15.

Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol.
1959; 37: 911–917. PMID: 13671378

16.

Wen M, Segerer S, Dantas M, Brown PA, Hudkins KL, Goodpaster T, et al. Renal injury in apolipoprotein E-deficient mice. Lab Invest. 2002; 82: 999–1006. PMID: 12177238

17.

King VL, Hatch NW, Chan HW, de Beer MC, de Beer FC, Tannock LR, et al. A murine model of obesity
with accelerated atherosclerosis. Obesity. 2010; (Silver Spring) 18: 35–41. doi: 10.1038/oby.2009.176
PMID: 19498343

18.

Guo N, Krutzsch HC, Inman JK, Roberts DD. Thrombospondin 1 and type I repeat peptides of thrombospondin 1 specifically induce apoptosis of endothelial cells. Cancer Res. 1997; 57: 1735–1742.
PMID: 9135017

19.

Patel MK, Clunn GF, Lymn JS, Hughes AD. Thrombospondin-1 induces DNA synthesis and migration
in human vascular smooth muscle cells. Biochem Soc Trans. 1996; 24: 446s. PMID: 8878990

PLOS ONE | DOI:10.1371/journal.pone.0121403 March 24, 2015

13 / 14

TSP1 Deficiency Protects Microvascular Complications

20.

Stouffer GA, Hu Z, Sajid M, Li H, Jin G, et al. Beta3 integrins are upregulated after vascular injury and
modulate thrombospondin- and thrombin-induced proliferation of cultured smooth muscle cells. Circulation. 1998; 97: 907–915. PMID: 9521340

21.

Schultz-Cherry S, Lawler J, Murphy-Ullrich JE. The type 1 repeats of thrombospondin 1 activate latent
transforming growth factor-beta. J Biol Chem1. 1994; 269: 26783–26788. PMID: 7929414

22.

Schultz-Cherry S, Murphy-Ullrich JE. Thrombospondin causes activation of latent transforming growth
factor-beta secreted by endothelial cells by a novel mechanism. J Cell Biol. 1993; 122: 923–932.
PMID: 8349738

23.

Murphy-Ullrich JE, Poczatek M. Activation of latent TGF-beta by thrombospondin-1: mechanisms and
physiology. Cytokine Growth Factor Rev. 2000; 11: 59–69. PMID: 10708953

24.

Moura R, Tjwa M, Vandervoort P, Van Kerckhoven S, Holvoet P, et al. Thrombospondin-1 deficiency
accelerates atherosclerotic plaque maturation in ApoE-/- mice. Circ Res. 2008; 103: 1181–1189. doi:
10.1161/CIRCRESAHA.108.185645 PMID: 18818405

25.

Stenina OI, Plow EF. Counterbalancing forces: what is thrombospondin-1 doing in atherosclerotic lesions? Circ Res. 2008; 103: 1053–1055. doi: 10.1161/CIRCRESAHA.108.188870 PMID: 18988901

26.

Hugo C, Daniel C. Thrombospondin in renal disease. Nephron Exp Nephrol. 2009; 111: e61–66. doi:
10.1159/000198235 PMID: 19182492

27.

Lu A, Miao M, Schoeb TR, Agarwal A, Murphy-Ullrich JE (2011) Blockade of TSP1-dependent TGFbeta activity reduces renal injury and proteinuria in a murine model of diabetic nephropathy. Am
J Pathol. 2011; 178: 2573–2586. doi: 10.1016/j.ajpath.2011.02.039 PMID: 21641382

28.

Wang S, Skorczewski J, Feng X, Mei L, Murphy-Ullrich JE (2004) Glucose up-regulates thrombospondin 1 gene transcription and transforming growth factor-beta activity through antagonism of cGMPdependent protein kinase repression via upstream stimulatory factor 2. J Biol Chem. 2004; 279:
34311–34322. PMID: 15184388

29.

Crawford SE, Stellmach V, Murphy-Ullrich JE, Ribeiro SM, Lawler J, Hynes RO, et al. (1998)
Thrombospondin-1 is a major activator of TGF-beta1 in vivo. Cell. 1998; 93: 1159–1170. PMID: 9657149

30.

Daniel C, Wiede J, Krutzsch HC, Ribeiro SM, Roberts DD, et al. (2004) Thrombospondin-1 is a major activator of TGF-beta in fibrotic renal disease in the rat in vivo. Kidney Int. 2004; 65: 459–468. PMID: 14717916

31.

Young GD, Murphy-Ullrich JE. Molecular interactions that confer latency to transforming growth factorbeta. J Biol Chem. 2004; 279: 38032–38039. Epub 32004 Jun 38018. PMID: 15208302

32.

Poczatek MH, Hugo C, Darley-Usmar V, Murphy-Ullrich JE. Glucose stimulation of transforming growth
factor-beta bioactivity in mesangial cells is mediated by thrombospondin-1. Am J Pathol. 2000; 157:
1353–1363. PMID: 11021838

33.

Wang S, Shiva S, Poczatek MH, Darley-Usmar V, Murphy-Ullrich JE. Nitric oxide and cGMP-dependent
protein kinase regulation of glucose-mediated thrombospondin 1-dependent transforming growth
factor-beta activation in mesangial cells. J Biol Chem. 2002; 277: 9880–9888. PMID: 11784717

34.

Yevdokimova N, Wahab NA, Mason RM. Thrombospondin-1 is the key activator of TGF-beta1 in
human mesangial cells exposed to high glucose. J Am Soc Nephrol. 2001; 12: 703–712. PMID:
11274231

35.

Wang S, Wu X, Lincoln TM, Murphy-Ullrich JE. Expression of Constitutively Active cGMP-Dependent
Protein Kinase Prevents Glucose Stimulation of Thrombospondin 1 Expression and TGF-beta Activity.
Diabetes. 2003; 52: 2144–2150. PMID: 12882934

36.

Daniel C, Schaub K, Amann K, Lawler J, Hugo C. Thrombospondin-1 is an endogenous activator of
TGF-beta in experimental diabetic nephropathy in vivo. Diabetes. 2007; 18: 18.

37.

Alicic RZ, Patakoti R, Tuttle KR. Direct and indirect effects of obesity on the kidney. Adv Chronic Kidney
Dis. 2013; 20: 121–127. doi: 10.1053/j.ackd.2012.12.006 PMID: 23439370

38.

Mathew AV, Okada S, Sharma K. Obesity related kidney disease. Curr Diabetes Rev. 2011; 7: 41–49.
PMID: 21067508

39.

Wickman C, Kramer H. Obesity and kidney disease: potential mechanisms. Semin Nephrol. 2013; 33:
14–22. doi: 10.1016/j.semnephrol.2012.12.006 PMID: 23374890

40.

Bobulescu IA, Lotan Y, Zhang J, Rosenthal TR, Rogers JT, Adams-Huet B, et al. Triglycerides in the
human kidney cortex: relationship with body size. PLoS One. 2014; 9: e101285. doi: 10.1371/journal.
pone.0101285 PMID: 25170827

41.

Bobulescu IA (2010) Renal lipid metabolism and lipotoxicity. Curr Opin Nephrol Hypertens 19:
393–402. doi: 10.1097/MNH.0b013e32833aa4ac PMID: 20489613

42.

Wu Y, Liu Z, Xiang Z, Zeng C, Chen Z, Ma X, et al. Obesity-related glomerulopathy: insights from gene
expression profiles of the glomeruli derived from renal biopsy samples. Endocrinology. 2006; 147:
44–50. PMID: 16210374

PLOS ONE | DOI:10.1371/journal.pone.0121403 March 24, 2015

14 / 14

